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CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application is a continuation of U.S. Patent Application No. 

10/197,843, filed July 19, 2002, now allowed (to be U.S. Patent No. 6,597,216, 
issuing July 22, 2003), which is a continuation of U.S. Patent No. 6,424,190, 
which issued July 23, 2002, which are incorporated by reference herein. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

[0002] The invention relates generally to the field of electronic circuitry and, 

more particularly, to methods and apparatuses for providing a transition delay 
matching circuit where a divided clock has substantially the same amplitude and 
transitions at substantially the same time as a full clock. 

Background Art 

[0003] A clock signal is used to synchronize components in a circuit so that each 

component begins its operation for a given cycle simultaneously. Different clock 
signals require different frequencies depending upon the application for which the 
clock signal is used. Clocks in present-day electronic circuits typically must 
transition much more quickly than clocks in older circuits. 

[0004] Many electronic circuits utilize multiple clocks. Each clock defines a 

single clock domain. In some circuits, a clock division circuit is used to divide 
a reference clock into one or more divided clocks, each defining a separate clock 
domain. Multiple clocks are used for various integrated circuits including, but 
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not limited to, application specific integrated circuits (ASICs), digital signal 
processors, microprocessors, and controllers. These integrated circuits are used 
for a wide variety of applications including, but not limited to, computing, 
networking, communication, telecommunication, and data transmission. Each of 
these applications may have one or more high frequency clock domains. 

[0004] For clock signals with higher frequencies, a shorter duration is available 

for each transition, and the clock signal may not be able to completely transition 
from a starting voltage level to a final voltage level. The peak-to-peak signal 
swing may thus be smaller than the maximum voltage swing permissible by the 
clock driver. Conversely, clock signals with lower frequencies have a longer time 
duration available for each transition and the clock signal may be able to 
completely transition from the starting voltage level to the final voltage level. 
The peak-to-peak signal swing may thus be greater because more time is available 
to complete the transition. However, for the next clock transition, the lower 
frequency clock signal starts from a higher (or lower) voltage level and therefore 
requires a longer time period to transition to a mid-point (e.g., see FIG. 2A 
described below). Thus, a skew exists between the transition delay of a high 
frequency clock signal and x the transition delay of a low frequency clock signal 
where the transition delay is the time required for a clock signal to transition from 
a final voltage level to a mid-point. 

[0005] When this skew between the transition delay of the high frequency clock 

and the transition delay of the low frequency clock is added to the setup time for 
a receiving device clocked by the high frequency clock, the receiving device may 
not detect the low frequency clock in the proper high frequency clock cycle. 
Specifically, if the sum of the skew and the setup time at the receiving device is 
approximately equal to the period of the high frequency clock and the circuit is 
under noisy conditions, the receiving device may randomly detect the low 
frequency clock in either the proper cycle or a cycle too late. More specifically, 
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this condition may occur when the high frequency clock is a harmonic of the low 
frequency clock. 

[0006] What is needed is a transition delay matching circuit that matches the 

transition delay of a low frequency clock to the transition delay of a high 
frequency clock that is a harmonic of the low frequency clock. 

BRIEF SUMMARY OF THE INVENTION 

[0007] Briefly stated, the present invention is directed to methods and 

apparatuses for implementing a transition delay matching circuit for which the 
one or more output clocks of the transition delay matching circuit have 
substantially equivalent transition delays to bandwidth-limited clocks having a 
frequency equal to a harmonic of the frequency of the output clocks, and 
applications thereof. 

[0008] In an embodiment, the invention operates by limiting the amplitude of the 

output of the transition delay matching circuit. In a preferred embodiment, the 
amplitude of the output of the transition delay matching circuit is substantially 
similar to the amplitude of the reference clock. In the preferred embodiment, the 
divided clock and the reference clock transition after approximately the same 
amount of delay because their amplitudes are substantially similar. 

[0009] In a embodiment of the present invention, the amplitude of the divided 

clock is limited by placing one or more resistors between a positive divided clock 
output and a negative divided clock output. 

[001 0] In an alternate embodiment of the present invention, the amplitude of the 

divided clock is limited by placing a resistor between a divided clock output and 
a common mode voltage level. 

[0011] Further embodiments, features, and advantages of the present invention, 

as well as the structure and operation of various embodiments of the present 
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invention, are described in detail below with reference to the accompanying 
drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES 

[0012] The accompanying drawings, which are incorporated herein and form a 

part of the specification, illustrate the present invention and, together with the 
description, further serve to explain the principles of the invention and to enable 
a person skilled in the pertinent art to make and use the invention. 

[0013] In the drawings: 

[0014] FIG. 1 is a wave diagram of an ideal high frequency clock and an ideal 

low frequency clock. 

[001 5] FIG. 2 A is a wave diagram depicting the correlation between peak-to-peak 

voltage transition and transition delay for unadjusted clock signals. 
[001 6] FIG. 2B is a wave diagram depicting the correlation between peak-to-peak 

voltage transition and transition delay between an unadjusted clock signal and a 

clock signal adjusted by an embodiment of the present invention. 
[0017] FIG. 2C is a wave diagram depicting the correlation between peak-to-peak 

voltage transition and transition delay for clock signals adjusted by an 

embodiment of the present invention. 
[0018] FIG. 3 is a block diagram of an exemplary system incorporating a 

transition delay matching circuit according to an embodiment of the present 

invention. 

[001 9] FIG. 4 is a component- level diagram of a transition delay matching circuit 

according to an embodiment of the present invention. 
[0020] FIG. 5 is a component-level diagram of a transition delay matching circuit 

according to an embodiment of the present invention. 
[0021] FIG. 6 is a component-level diagram of a transition delay matching circuit 

according to an embodiment of the present invention. 
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[0022] FIG. 7 is a component-level diagram of a transition delay matching circuit 

according to an embodiment of the present invention. 

[0023] The present invention will now be described with reference to the 

accompanying drawings. In the drawings, like reference numbers indicate 
identical or functionally similar elements. Additionally, the leftmost digit(s) of 
a reference number identifies the drawing in which the reference number first 
appears. 
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L Overview and Discussion 

[0024] The present invention is directed to methods and apparatuses for 

implementing a transition delay matching circuit for which the one or more 
output clocks of the transition delay matching circuit have substantially 
equivalent transition delays to clocks having a frequency equal to a harmonic of 
the frequency of the output clocks. 

[0025] Clock synchronization becomes more difficult as the frequencies of the 

clocks increase. FIG. 1 illustrates an ideal divided clock 102 for which a falling 
edge is in phase with the falling edge of a full clock 100 (i.e., the two falling 
edges occur at the same time). The full clock 100 has a frequency equal to a 
harmonic of the divided clock 102. In the case of ideal clocks, clock 
synchronization between low frequency clocks and high frequency clocks is 
easily achieved because the peak-to-peak voltage swing happens instantaneously. 

[0026] As the clock frequency of a full clock 200 surpasses the bandwidth of its 

driver circuit, as shown in FIG. 2A, the full clock 200 does not achieve a steady 
state voltage at the maximum or minimum drive voltages prior to the next 
transition of the full clock 200. On the other hand, the divided clock 202 
generated from the full clock 200 does achieve a steady state voltage at the 
maximum and minimum voltages when it transitions because it has more time in 
which to transition. Alternate embodiments utilizing a divided clock with a 
frequency that is a different sub-harmonic of the full clock will be apparent to 
persons skilled in the relevant art(s) based on the teachings herein. The invention 
is intended and adapted to include all such alternate embodiments. 

[0027] As the frequency of the full clock 200 increases, the ratio between the 

period of the full clock 200 and the delay to a crossing point of a divided clock 
202 and a 180 degree out of phase clock at the same frequency (the "transition 
delay 1 ') decreases. As the sum of the transition delay of the divided clock 202 and 
a setup time for a circuit receiving the divided clock 202 approaches the period 
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of the full clock 200, the circuit receiving the divided clock 202 may sense the 
divided clock 202 one period of the full clock 200 later than expected. If the 
circuit is under noisy conditions and the sum of the transition delay of the divided 
clock 202 and the setup time of the receiving circuit approximately equals the 
period of the full clock 200, the divided clock 202 may be sensed by the receiving 
circuit one cycle of the full clock 200 earlier or later than anticipated. 
[0028] FIG. 2B illustrates an unadjusted divided clock 202 and a divided clock 

adjusted by an embodiment of the present invention 204. The amplitude of the 
unadjusted divided clock 202 reaches the maximum and minimum voltages 
supplied by an output clock driver. In contrast, the adjusted divided clock 204 is 
limited by an embodiment of the present invention to the peak-to-peak voltage 
achieved by the full clock 200 in FIG. 2A. As such, the transition delay for the 
adjusted divided clock 204 is reduced from the transition delay in the unadjusted 
divided clock 202. 

[0029] FIG. 2C illustrates the full clock 200 and the adjusted divided clock 204. 

In this case, because the amplitude of the full clock 200 is substantially equal to 
the amplitude of the adjusted clock 204 just prior to a transition of the adjusted 
divided clock 204, the transition delay of the adjusted divided clock 204 is 
substantially equal to the transition delay of the full clock 200. As such, the delay 
of the full clock 200 and the adjusted divided clock 204 are matched. 

[0030] The present invention is described in terms of this example environment. 

Description in these terms is provided for illustrative purposes. It is not intended 
that the invention be limited to application in these example environments. In 
fact, after reading the following description, it will become apparent to a person 
skilled in the relevant art how to implement the invention in alternative 
environments known now or developed in the future. 
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II. Terminology 

[0031] To more clearly delineate the present invention, an effort is made 

throughout the specification to adhere to the following term definitions as 
consistently as possible. 

[0032] The term "clock" refers to a signal transitioning between a low voltage 

and a high voltage having a substantially periodic frequency. 

[0033] The term "mid-point" refers to a voltage level that is approximately equal 

to one-half of the sum of the highest voltage level achieved by a clock signal and 
the lowest voltage level achieved by a clock signal during a clock cycle. 

[0034] The term "transition delay" refers to the time a signal requires to change 

from a starting voltage level to a mid-point. 

( 

IE, Transition Delay Matching Circuit 

[0035] FIG. 3 depicts a block diagram of an example system incorporating a 

clock generator 304, a clock divider 306, a first clock buffer 308, a transition 
delay matching circuit 3 1 0, one or more clock output terminals 3 1 2 A-n, and one 
or more divided clock output terminals 314A-n. In FIG. 3, two clock output 
terminals 3 1 2 A and 3 1 2B and two divided clock output terminals 3 1 4 A and 3 1 4B 
are shown. 

[0036] In operation, the clock generator 304 outputs one or more clock signals. 

In a preferred embodiment of the present invention, the clock generator 304 
produces a first clock signal and a second clock signal that is substantially 180 
degrees out of phase with the first clock signal. Clock generators, such as clock 
generator 304 , are well known in the art, as would be apparent to persons skilled 
in the relevant art. Alternate embodiments utilizing plural clock generators to 
produce the first clock signal and the second clock signal will be apparent to 
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persons skilled in the relevant art(s) based on the teachings herein. The invention 
is intended and adapted to include all such alternate embodiments. 

[0037] The clock divider 306 has its inputs coupled to the clock generator 304 

and its outputs coupled to the transition delay matching circuit 310. The clock 
divider 306 receives the one or more clock signals from the clock generator 304 
and outputs one or more divided clock signals. In a preferred embodiment, the 
clock divider outputs a first divided clock signal and a second divided clock 
signal that is substantially 180 degrees out of phase with the first divided clock 
signal. Clock divider circuits, such as clock divider 306, are well known in the 
art, as would be apparent to persons skilled in the relevant art. Alternate 
embodiments utilizing a different number of clock dividers 306 will be apparent 
to persons skilled in the relevant art(s) based on the teachings herein. The 
invention is intended and adapted to include all such alternate embodiments. 

[0038] The first clock buffer 308 has its inputs coupled to the clock generator 304 

and its outputs coupled to the one or more clock output terminals 3 12A-n. The 
first clock buffer 308 receives the one or more clock signals and outputs one or 
more output clock signals. In an embodiment of the present invention, the first 
clock buffer 308 receives the one or more clock signals and amplifies the signals 
before outputting them to the one or more clock output terminals 312A-n. 
Alternately or additionally, the first clock buffer 308 adjusts the common mode 
voltage level of the one or more output clock signals. 

[0039] The transition delay matching circuit 310 has its inputs coupled to the 

outputs of the clock divider 306 and outputs coupled to the one or more divided 
clock output terminals 314A-n. The transition delay matching circuit 310 
receives the one or more divided clock signals and outputs one or more output 
divided clock signals. In an embodiment, each of the one or more output divided 
clock signals transitions from a low voltage level to a high voltage level or a high 
voltage level to a low voltage level at substantially the same time as one of the 
one or more output clock signals transitions from a low voltage level to a high 



SKGF Ref. No. 1875.1710002 



voltage level. In a further embodiment, each of the one or more output divided 
clock signals transitions from a low voltage level to a high voltage level or a high 
voltage level to a low voltage level at substantially the same time as one of the 
one or more output clock signals transitions from a high voltage level to a low 
voltage level. In a preferred embodiment of the present invention, the one or 
more output divided clock signals have amplitudes substantially equal to the 
amplitude of each of the one or more output clock signals. 

A. Example Embodiments 

[0040] Various embodiments related to the methods and structures described 

above are presented in this section (and its subsections). These embodiments are 
described herein for purposes of illustration, and not limitation. The invention 
is not limited to these embodiments. Alternate embodiments (including 
equivalents, extensions, variations, deviations, etc., of the embodiments described 
herein) will be apparent to persons skilled in the relevant art based on the 
teachings herein. The invention is intended and adapted to include such alternate 
embodiments. 

1. Example Embodiment #1: Two-Clock Transition Delay 
Matching Circuit 

[0041 ] FIG. 4 illustrates a block diagram of the transition delay matching circuit 

310 including a first divided clock input terminal 402A, a second divided clock 
input terminal 402B, a second clock buffer 404, and a resistor 406. FIG. 4 also 
includes a first divided clock output terminal 314A and a second divided clock 
output terminal 314B, 

[0042] In operation, the second clock buffer 404 has its inputs coupled to the first 

divided clock input terminal 402A and the second divided clock input terminal 
402B, and its outputs coupled to the first divided clock output terminal 3 14A and 
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the second divided clock output terminal 314B. Moreover, each output of the 
second clock buffer 404 is coupled to one terminal of the resistor 406. The 
second clock buffer 404 receives a first divided clock signal and a second divided 
clock signal and outputs a first output divided clock signal and a second output 
divided clock signal. In an embodiment, the first output divided clock signal is 
substantially 180 degrees out of phase with the second output divided clock 
signal. In an embodiment of the present invention, the second clock buffer 404 
amplifies the first divided clock signal to produce the first output divided clock 
signal and amplifies the second divided clock signal to produce the second output 
divided clock signal. Alternately or additionally, the second clock buffer 404 
adjusts a first common mode voltage level of the first divided clock signal to 
produce a second common mode voltage level for the first output divided clock 
signal and adjusts the first common mode voltage level of the second divided 
clock signal to produce the second common mode voltage level for the second 
output divided clock signal. 
[0043] The resistor 406 is used to adjust the amplitude of the first output divided 

clock signal and the second output divided clock signal.- The resistor 406 is 
coupled between the first divided clock output terminal 314A and the second 
divided clock output terminal 314B. 

2. Example Embodiment #2: One-Clock Transition Delay 
Matching Circuit 

[0044] FIG. 5 illustrates a block diagram of the transition delay matching circuit 

310 including a divided clock input terminal 502, a second clock buffer 504, and 
a resistor 506. FIG. 5 also includes a divided clock output terminal 3 14A. 

[0045] In operation, the second clock buffer 504 has its input coupled to the 

divided clock input terminal 502 and its output coupled to the divided clock 
output terminal 314A. Moreover, the output of the second clock buffer 504 is 
coupled to one terminal of the resistor 506. The second clock buffer 504 receives 
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a divided clock signal and outputs an output divided clock signal. In an 
embodiment of the present invention, the second clock buffer 504 amplifies the 
divided clock signal to produce the output divided clock signal. Alternately or 
additionally, the second clock buffer 504 adjusts a common mode voltage level 
of the divided clock signal to produce a different common mode voltage level for 
the output divided clock signal. 
[0046] The resistor 506 is used to adjust the amplitude of the output divided 

clock signal The resistor 506 is coupled between the divided clock output 
terminal 3 14A and a voltage level. In an embodiment of the present invention, 
the voltage level tied to the resistor 506 is substantially equal to the common 
mode voltage level of the output divided clock signal. 

3. Example Embodiment #3: Two One-Clock Transition 
Delay Matching Circuits 

[0047] FIG. 6 depicts a block diagram of the transition delay matching circuit 310 

including a first divided clock input terminal 602A, a second divided clock input 
terminal 602B, a second clock buffer 604, a third clock buffer 606, a first resistor 
608, and a second resistor 610. FIG. 6 also includes a first divided clock output 
terminal 314A and a second divided clock output terminal 314B. 

[0048] In operation, the second clock buffer 604 has its input coupled to the first 

divided clock input terminal 602A and its output coupled to the first divided 
clock output terminal 3 1 4 A. Moreover, the output of the second clock buffer 604 
is coupled to one terminal of the first resistor 608. The second clock buffer 604 
receives a first divided clock signal and outputs a first output divided clock 
signal In an embodiment of the present invention, the second clock buffer 604 
amplifies the first divided clock signal to produce the first output divided clock 
signal. Alternately or additionally, the second clock buffer 604 adjusts a first 
common mode voltage level of the first divided clock signal to produce a second 
common mode voltage level for the first output divided clock signal 

SKGF Ref.No. 1875.1710002 



-14- 



[0049] The third clock buffer 606 has its input coupled to the second divided 

clock input terminal 602B and its output coupled to the second divided clock 
output terminal 314B. Moreover, the output of the third clock buffer 606 is 
coupled to one terminal of the second resistor 610. The third clock buffer 606 
receives a second divided clock signal and outputs a second output divided clock 
signal. In an embodiment of the present invention, the third clock buffer 606 
amplifies the second divided clock signal to produce the second output divided 
clock signal. Alternately or additionally, the third clock buffer 606 adjusts a first 
common mode voltage level of the second divided clock signal to produce a 
second common mode voltage level for the second output divided clock signal. 

[0050] The first resistor 608 is used to adjust the amplitude of the first output 

divided clock signal. The first resistor 608 is coupled between the first divided 
clock output terminal 3 14A and a voltage level. In an embodiment of the present 
invention, the voltage level tied to the first resistor 608 is substantially equal to 
the second common mode voltage level. 

[0051] The second resistor 610 is used to adjust the amplitude of the second 

output divided clock signal. The second resistor 610 is coupled between the 
second divided clock output terminal 314B and a voltage level. In an 
embodiment of the present invention, the voltage level tied to the second resistor 
610 is substantially equal to the second common mode voltage level. 

4. Example Embodiment #4: Two-Clock Transition Delay 
Matching Circuit with Center Tap 

[0052] FIG. 7 illustrates a block diagram of the transition delay matching circuit 

310 including a first divided clock input terminal 702 A, a second divided clock 
input terminal 702B, a second clock buffer 704, a first resistor 706, and a second 
resistor 708. FIG. 4 also includes a first divided clock output terminal 3 14A and 
a second divided clock output terminal 314B. 
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[0053] In operation, the second clock buffer 704 has its inputs coupled to the first 

divided clock input terminal 702 A and the second divided clock input terminal 
702B, and its outputs coupled to the first divided clock output terminal 3 1 4A and 
the second divided clock output terminal 314B. The first output of the second 
clock buffer 704 is also coupled to one terminal of the first resistor 706. The 
second output of the second clock buffer 704 is also coupled to one terminal of 
the first resistor 708. The second clock buffer 704 receives a first divided clock 
signal and a second divided clock signal and outputs a first output divided clock 
signal and a second output divided clock signal. In an embodiment, the first 
output divided clock, signal is substantially 180 degrees out of phase with the 
second output divided clock signal. In an embodiment of the present invention, 
the second clock buffer 704 amplifies the first divided clock signal to produce the 
first output divided clock signal and amplifies the second divided clock signal to 
produce the second output divided clock signal. Alternately or additionally, the 
second clock buffer 704 adjusts a first common mode voltage level of the first 
divided clock signal to produce a second common mode voltage level for the first 
output divided clock signal and adjusts the first common mode voltage level of 
the second divided clock signal to produce the second common mode voltage 
level for the second output divided clock signal. 

[0054] The first resistor 706 is used to adjust the amplitude of the first output 

divided clock signal. The resistor 706 is coupled between the first divided clock 
output terminal 314A and a voltage level. In an embodiment of the present 
invention, the voltage level tied to the first resistor 706 is substantially equal to 
the second common mode voltage level. 

[0055] The second resistor 708 is used to adjust the amplitude of the second 

* output divided clock signal. The second resistor 708 is coupled between the 
second divided clock output terminal 314B and a voltage level. In an 
embodiment of the present invention, the voltage level tied to the second resistor 
708 is substantially equal to the second common mode voltage level. 
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[0056] Buffers, such as clock buffers 704, 604, 606, 504, 404, and 308, are well 

known in the art, as would be apparent to persons skilled in the relevant art. In 
a preferred embodiment, conventional current mode logic (CML) buffers are 
employed. Alternate embodiments utilizing a different number of buffers will be 
apparent to persons skilled in the relevant art(s) based on the teachings herein. 
The invention is intended and adapted to include all such alternate embodiments. 

IV. Conclusion 

[0057] While specific embodiments of the present invention have been described 

above, it should be understood that they have been presented by way of example 
only, and not limitation. It will be understood by those skilled in the art that 
various changes in form and details may be made therein without departing from 
the spirit and scope of the invention as defined in the appended claims. Thus, the 
breadth and scope of the present invention should not be limited by any of the 
above-described exemplary embodiments, but should be defined only in 
accordance with the following claims and their equivalents. 
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